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Introduction

Heparanase (HPSE) is the dominant endoglycosidase (endo-B-D-glucuronidase) in mammals,
cleaving heparan sulfate (HS) to fragments which retain biological activity. By this action,
HPSE releases important HS/heparin-binding angiogenic and growth factors, affecting their
levels and biological potency. Heparanase activity thus correlates with the metastatic potential
of cancer cells, a notion that is well-supported experimentally and clinically. Of relevance,
highest HPSE levels have been consistently detected in tumor cells selected to possess highest
propensities to colonize the brain. Lapatinib (Tykerb, GW572016) is a selective small-molecule
inhibitor of human epidermal growth factor receptorl and 2 (EGFR and HERZ2, respectively)
that was approved by the US Food and Drug Administration (FDA). Its role is however
limited, particularly in brain metastatic breast cancer (BMBC) due to their resistance to
lapatinib-based therapies. The current study was designed to test the hypothesis that HPSE
mediates an alternative survival mechanism in lapatinib-resistant, BMBC-competent cells.

Body

This represents the second-year report for the DoD-CDMRP IDEA Award, and summarizes the
progress made between April 1, 2012 and March 31, 2013. Of note, this progress report relates
to completion of specific aim 2 and its sub-tasks since progress made for specific aim 1 and
related sub-tasks was described in the Annual Report 1. Achievement of this aim has also
resulted in a publication in Cancer Research-Priority Report (Zhang et al., 71: 645-654, 2011).
We have addressed specific aim 2 of the proposal and implemented sub-tasks per statement of
work (SOW) for the second year of this Award. Findings pertaining each of these SOW
subtasks have resulted in a manuscript submitted to Clinical Cancer Research, and are
summarized below:

2a. Implement SST0001 toxicity and dose-dependent and dose optimization studies to
determine its effects on: a) HPSE and HER2/EGFR phosphorylation; b) inhibition of in
vitro cell adhesion, growth and invasion following SST0001 exposure to BMBC cells
(months 13-14).

We have performed SST0001’s dose optimization
studies to determine its effects on the inhibition of
HPSE (Figure 1). Secondly, we have derived
lapatinib resistant-clones (BR-Lr) from MDA-
MB231BR parental cells, and studied cell cycle
profiles and quantitative analyses (Figure 2).
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Figure 1 (left). Dose-dependent inhibition of
HPSE activity by SST0001. Aliquots of 50 ul of
eluted active HPSE were treated with 0, 1, 3, and
10 pg/ul SSTO001 for 2 hours at 37°C. HPSE
0 2 ' 6 8 o | activity (U/ml) was then determined using the
Heparan Sulfate Degrading Enzyme Assay kit™

SSTO001 (gl (Takara, Inc.) per manufacturer's protocol.
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Figure 2 (left). Selection and growth of lapatinib
resistant BR cells. A. Lapatinib-resistant cell
lines were selected from surviving MDA-MB23BR
cells (BR for brevity) exposed to different
concentrations of lapatinib (0.1, 0.5, 1, 5 and 10
pmol/L) in DMEM/F12 culture medium) for 3
weeks, with the medium changed every 2-3 days.
Surviving cells were followed by a chronic
treatment of lapatinib (2 pmol/L) in vitro. Cells
that developed resistance to lapatinib were then
selected for amplification and characterization. B.
Representative cell cycle profiles and quantitative
analysis of MDA-MB231-BR parental and
lapatinib-resistant and lapatinib-sensitive (BR-Lr
and BR-Ls, respectively) cell profiles were
determined by fluorescence-activated cell sorting.
Quantitative analysis of respective cell cycle
profiles are shown (*p <0.01; n=5).

Secondly, we have investigated the expression, activity, and secretion of HPSE in the lapatinib —
resistant and lapatinib-sensitive (BR-Lr and BR-Ls, respectively) MDA-MB231BR clones we have
derived. Highest HPSE concentration and activity were detected in BR-Lr clones (Figure 3, below).
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Figure 3. Heparanase (HPSE) expression and activity in selected MDA-231MB-BR lapatinib-

resistant and sensitive cells (BR-Lr and BR-Ls, respectively).

A. Western blotting analysis of

heparanase protein expression in MDA-MB231BR (BR for brevity) cells and BR-Lr/Ls clones. B.
Heparanase expression in cell supernatants and lysates of BR parental and BR-Lr/Ls clones by ELISA
methodology. C. Heparanase activity of cell supernatants and lysates of BR parental cells and BR-
Lr/Ls clones. HPSE activity assays were performed as previous described (9).



Thirdly, we studied the effects of SST0001 and lapatinib to synergistically inhibit BR-Lr cell growth
using the 3D mammosphere models, and signaling of EGFR, a high-risk predictor for BMBC onset
and HPSE target (Figure 4).
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Figure 4. SST0001 and lapatinib synergistically inhibit BR-Lr cell growth. A.
Mammosphere assays performed for MDA-231BR parental (BR for brevity) and BR lapatinib-
resistant clones (BR-Lrl and BR-Lr2, respectively) in the absence or presence of lapatinib (1 uM).
B. Quantitative analysis of mammospheres. Cells were seeded in six-well plates, and lapatinib
(1uM) and SSTO001 (5uM)(10, 11) were added to the plates, replenished every 2-3 days, and
monitored for 14 days in cell culture at 37°C - 5% CO,. Afterwards, colonies (> 50 pm in size)




were counted, photographed, and their number quantitatively analyzed. C. EGFR signaling
pathway of BR-Lrl and BR-Lr2 clones. Cells were treated with lapatinib and SST0001 (same
concentrations as per figure 4B) overnight (16 hrs), then treated with EGF (20 ng/ml) for 10 min,
and phosphorylation of indicated signaling proteins was examined by Western blotting analysis
with highly reproducible results (n = 5). D. Rescue assays of effects of SST0001 on HPSE-
regulated proteins. Cells were treated with SST0001 (5 pM) or SST0001 plus recombinant
heparanase (rHPSE, 100 ng/ml) for 24 hrs, then MMP-9 and COX2 expression levels were
examined by Western blotting analyses (MMP-9 and COX2 are known target of HPSE; 9). B-actin
was the loading control.

2b. Perform in vivo experimental brain metastasis assays in animals (nu/nu mice) to examine
whether SST0001 will prevent BMBC. Injection of human BMBC cells (231BR3) in nude
mice via intracarotid artery. Five days after cell injection, deliver SST0001 by inserting
Alzet pumps into animals, and monitor BMBC onset. Use of 40 animals, randomly
assigned to receive SST0001 or vehicle: 20 in SST0001 treatment group, 20 in vehicle
control group (months 15-17).

Because of high HPSE activity presence detected in selected BR-Lr clones, we hypothesized that
SSTO0001 could overcome lapatinib resistance by inhibiting HPSE activity in these cells.
Accordingly, we examined effects of SST0001 on primary tumor growth and metastasis by injecting
these clones into nude mice, followed by various drug treatments (PBS, lapatinib with or without
SST0001, and SSTO001 alone). These reagents were administered to animals by Alzet osmotic
pumps after 7 days of tumor cell injection. They were delivered for 28 days with daily monitoring for
tumor development. Once observed, tumors were removed and their extent, size, and wet-weight
were assessed among treatment modalities. Tumor size was approximately 40% smaller in
lapatinib/SSTO001 than lapatinib alone-treated animals (Figure 5A). The tumor weight was also
reduced by 62% (p<0.0001) in lapatinib/SST0001 group compared to controls, and 22% lower
(p<0.01) when compared to lapatinib only-treated animals. Further, to analyze whether
combinatorial SST0001 and lapatinib inhibited BR-Lr cell - induced BMBC, treatments continued for
additional two weeks within the animal sub-groups. Afterwards, mice brains were surgically
removed and examined for BMBC presence. A distinct reduction (>60%) of metastatic breast cancer
cell number in brains of SSTO001-treated mice was observed when compared to lapatinib alone or
control groups (Figures 5B and 5C). Data suggest that SST0001 is able to significantly inhibit BR-
Lr cell-induced tumor growth and BMBC.
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Figure 5C
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Figure 5. SSTO0001 and lapatinib synergistically inhibit tumor growth and BMBC
(xenografts). A. BR parental and lapatinib-resistant BR cells (BR-Lrl and BR-Lr2) were
injected subcutaneously (1 x 10° cells/mouse; n = 20 mice per treatmnent group). Tumor
growth was monitored daily by measuring the tumors’ size (length and width) using a digital
caliper. Tumors were then harvested and photographed (top). Tumor weight was calculated
and compared among the various treatment groups (bottom). B. Representative images of Cri
Vectra-Intelligent analysis of BMBC induced by BR-Lr cells. The Cri-Vectra-Intelligent
imaging analysis system (Cambridge Research & Instrumentation, Inc.) was employed for the
quantification of tumor cells at the single-cell level (green color) from H&E sections. The
Vectra Intelligent™ software is based on machine-learning program to outline the tumor,
recognize and distinguish significant histological features. C. H&E sections were randomly
selected from animals with BR-Lr cell-induced BMBC. The graphic shows the quantification
of BMBC tumor burden represented by total tumor areas and cells for the various treatment
groups.

2c. Assessment of HPSE expression and activity in two additional BMBC cells (CN34-BrM2,
and 231-BrM2) to demonstrate BMBC HPSE functions cross-species functions (months 15-
17).

Because we derived and established lapatinib-resistant BR clones from highly brain metastatic
MDA-MB231BR parental cells, we considered investigating these clones far more significant
than studying CN34/231-BrM2 cells as more advanced and better substitutes. Therefore, we did
not pursue this subtask because redundant to the achievements we have made.



2d. Perform in vivo experimental brain metastasis assays to examine whether SST0001 will
prevent BMBC. Injection of human BMBC cells in nude mice via intracarotid artery. Five
days after cell injection (with or without miR-1258 lentivirus), deliver SST0001 by
inserting Alzet pump in animals, and monitor BMBC onset. Use of 80 animals, randomly
assigned, to receive SST0001, miR-1258 lentivirus, or vehicle: 40 in SST0001 in treatment
groups (two cell lines), 40 in vehicle control groups (months 16-18).

We have successfully carried out in vivo experimental brain metastasis assays to examine
whether SST0001 will prevent BMBC, and results have been shown above. The portion of
this subtask employing the delivery of mir1258 lentivirus was already achieved in year 1 of
Award funding. Further, we considered adding the two compound synergistically may not be
necessary because of the successful outcomes obtained by investigations within this two-year
period.

2e. Perform in vivo experimental brain metastasis assays to examine whether SST0001 will
prevent BMBC. Injection of human BMBC cells in nude mice (nu/nu) via intracarotid
artery. Five days after cell injection, deliver SST0001 alone, lapatinib alone, or
SSTO0001/lapatinib combinations by inserting Alzet pump in animals, and monitor BMBC
onset. Use of 120 animals, randomly assigned, to receive treatment groups. 20 animals per
treatment groups will be employed (months 17-22).

Since our research efforts for sub-task 2b have resulted in successful outcomes with data of
statistical significance, we did not pursue this sub-task.

2f. Accrual of data, data tabulation and statistical analyses (months 17-23).

We have performed this task by employing this time period to organize and tabulate data, and
assess the statistical significance of data accrued.

2g. Preparation and submittal of a manuscript for dissemination of results in peer-reviowed
oncology journal (month 24).

We have performed this task by preparing a manuscript highlighting these findings. We have
submitted this manuscript to the highly-regarded Clinical Cancer Research journal, and titled:
’Heparanase mediates a novel mechanism in lapatinib-resistant brain metastatic breast cancer
cells”.

Key Research Accomplishments

Our laboratory has been able to obtained lapatinib-resistant and sensitive clones from MDA-MB-
231BR cells and demonstrated that HPSE expression and activity play important role in lapatinib-
resistant mechanisms towards BMBC onset. Furthermore, the research accomplished in our
laboratory demonstrated that:



SSTO0001 synergistically acts with lapatinib to significantly inhibits the growth and brain
metastasis of lapatinib-resistant cells in vitro and in vivo.

SSTO0001-mediated inhibition of tumor growth and metastasis is consistent with the
compound’s anti-heparanase activity, including the downregulation of matrix metalloprotease-
9 (MMP-9) and Cox-2 expression, two key target genes known to be regulated by HPSE.

SSTO001 treatment resulted in alterations of protein phosphorylation in EGFR, AKT and
MAPK signaling. Thus, SST0001 and lapatinib synergistically inhibit tumor growth and brain
metastasis.

Reportable outcomes

A manuscript has resulted from this research has been submitted to the highly-regarded Clinical
Cancer Research journal.

Conclusions

We have demonstrated that the dual inhibition of EGFR phosphorylation/signaling and HPSE activity
by SST0001 suppresses BMBC in vitro cell growth and in vivo brain metastases.
provide first-time evidence that HPSE plays important roles in lapatinib resistance of breast cancers
homing to brain, and that the inhibition of HPSE is synergistic with lapatinib functionalities in
We consider these findings of high significance and the molecular basis for the
development of novel therapeutic approaches treating lapatinib-resistant breast cancers, particularly
BMBC. Further investigations of STT0001 and the outcome of ongoing clinical trials employing
SSTO0001 (Phase I - multiple myeloma) will foster its potential as a novel therapeutic agent for more

BMBC.

effective treatment of BMBC.
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